Highlights 24 • Processing of word stress features were studied with speech and non-25 speech stimuli. 26 • All features elicited the MMN and LDN, and speech elicited larger ERPs 27 than non-speech. 28 • F0 and consonant duration features elicited a larger MMN than other 29 features. 30 • Listeners were sensitive to cues signaling prosodic boundaries. 31 • Findings support a two-stage model in the processing of speech related 32 information. 33 34 35 36 37 38 3 Abstract 39
we presented non-speech counterparts of the speech stimuli. 48 Results showed all but one feature (non-speech intensity deviant) eliciting the 49 MMN component, which was larger for speech compared to non-speech stimuli. 50 Two other components showed stimulus related effects: the N350 and the LDN 51 (Late Discriminative Negativity). The N350 appeared to the vowel duration and 52 consonant duration deviants, specifically to features related to the temporal 53 characteristics of stimuli, while the LDN was present for all features, and it was 54 larger for speech than for non-speech stimuli. We also found that the f0 and 55 consonant duration features elicited a larger MMN than other features. 56 These results suggest that stress as a phonological feature is processed based on 57 long-term representations, and listeners show a specific sensitivity to segmental 58 and suprasegmental cues signaling the prosodic boundaries of words. These 59 findings support a two-stage model in the perception of stress and phoneme 60 related acoustical information.
1. Introduction 64 The perception of speech relies on the simultaneous processing of segmental and 65 suprasegmental (or prosodic) information. Among the possible prosodic 66 information to be processed by the auditory system, word stress is a relative 67 emphasis given to certain syllables within words or to certain words in 68 sentences (for review see Kager, 2007) . Word stress plays either a culminative or 69 demarcative role, that is emphasizing or separating certain parts of the speech 70 stream, thus potentially contributing to the segmentation of continuous speech 71 into words (Cutler and Norris, 1988) . Stress is realized as a combination of 72 several acoustic features such as fundamental frequency (f0), intensity and 73 duration, the relative importance of which varies in different languages (van der 74 Hulst, 2006). In the present study, we investigated the contribution of these 75 acoustic features to the perception of a syllable as stressed versus unstressed in 76 a word context. 77 Studies on stress perception originally assumed that since stressed syllables are 78 produced with a greater articulatory effort than unstressed syllables, the main 79 acoustic correlate of stress should be intensity (Bloomfield, 1935; Sweet, 1906) . 80 However, acoustical measurements on large speech corpora did not confirm this 81 assumption, as they found typically duration, f0, and spectral balance to reliably 82 differentiate stressed and unstressed syllables (Campbell and Beckman, 1997 ; 83 Plag et al., 2011; Sluijter and van Heuven, 1996) . Perceptual studies 84 demonstrated that listeners rely on the same acoustic features when they have 85 to discriminate stressed and unstressed syllables (Fry, 1958; Sluijter et al., 1997 ; 86 Turk and Sawusch, 1996) . 87 To study the neural background of processing speech related acoustic 88 information, the Mismatch Negativity (MMN) event-related brain potential (ERP) 89 component has been an exceptionally useful tool (see Näätänen which the authors demonstrated that a word with stress on the second syllable 109 (which is an unfamiliar stress pattern in Hungarian) elicited two MMN 110 components when contrasted with a word with stress on the first syllable. In a 111 subsequent study (Honbolygó and Csépe, 2013) , it has also been shown that 6 pseudowords with stress on the second syllable elicited two consecutive MMN 113 components, while pseudowords with a familiar stress pattern in a deviant 114 position did not elicit an MMN, suggesting that stress processing is modulated by 115 top-down processes. Finally, in a study comparing the processing of duration-116 related stress in speech and music in English (Peter et al., 2012) , the authors 117 found that in the case of speech, only the stress on the first syllable condition 118 elicited an MMN, while in the case of music stimuli both long-short and short-119 long patterns (the musical equivalent of stress on the first and stress on the 120 second syllable) elicited an MMN. This results somewhat contradicts earlier data, 121 given that the authors found an MMN to the familiar and not the unfamiliar 122 stress pattern, however this might be due to a different method of calculating 123 ERPs (using the offset of the stimuli as 0 ms). 124 Apart from the classic passive oddball paradigm, the MMN can be elicited in a so-125 called multi-feature paradigm as well (Näätänen, Pakarinen, Rinne, & Takegata, 126 2004), in which five types of acoustic changes are presented so that every other 127 stimulus is a standard, and every other one is one of the five different deviants. 128 The paradigm is based on the assumption that each sound feature elicits a 129 separate MMN, and at the same time strengthens the memory trace of the 130 standard with respect to those features they share (Pakarinen et al., 2013) . The In the present study, we used the multi-feature paradigm to investigate the 174 neural basis of processing stress related acoustic features. Our aim was to study 175 these features in both speech and non-speech contexts in order to understand 176 their specific contribution to stress. In the study, we investigated stress 177 processing in Hungarian. Hungarian is a fixed stress language with an obligatory 178 trochaic (stress on the first syllable) stress pattern, therefore we presented 179 deviant stimuli that differed from the standard in the first syllable. The standard 180 was a disyllabic pseudo-word with two identical syllables (i.e., no stress on 181 either of the syllables), and the deviants differed from the standard in that they 182 were stressed on their first syllable. Stress could be realized either by an 183 increase of f0, intensity, vowel duration or consonant duration (note that vowel 184 and consonant duration can also be segmental features, see later). We also .5 ms, but no additional silence was added between the consonant and the 245 subsequent vowel. We selected these parameters for the deviants based on a 246 behavioral study, in which we determined the smallest difference between two 247 stimuli needed for participants to perceive them as "different" (Honbolygó & 248 Kolozsvári, 2015). respectively. 260 We also created non-speech stimuli corresponding to these measures. Non- showing that speech sounds elicited more negative MMNs than non-speech 386 sounds. We also obtained a significant Stimulus main effect, F(4,56) = 6.66, ε = 387 .66, p < .01, ηp 2 = .32. According to the Tukey HSD post-hoc test calculated on the 388 Stimulus factor, the MMN components elicited by the f0 and consonant duration 389 deviants were larger than those elicited by the other stimuli (p < .05), but the 390 two did not differ from each other (see Figure 3 ). F(1,14) = 15.51, ε = 1.0, p < .01, ηp 2 = .52, 425 showing that speech sounds elicited more negative LDN than non-speech 426 sounds. We also obtained a significant Stimulus main effect, F(4,56) = 5.49, ε = 427 .76, p < .01, ηp 2 = .28. The post-hoc analysis calculated on the Speechness factor 428 showed that the phoneme deviant elicited a larger LDN component than all but 429 the f0 deviant (p < .05) (see Figure 3 ). can be interpreted as a difference in intensity processing in the speech and non-447 speech stimuli. 448 Besides the MMN, we obtained two other components that showed stimulus 449 related effects: one negativity at 350 ms, which we termed N350 and another 450 one at 450 ms, which we termed LDN. 451 The N350 appeared specifically to the vowel duration and consonant duration 452 deviants, that is to features related to the temporal characteristics of stimuli. The 453 N350 has been found in visual linguistic tasks and it is suggested to be an ERP (Colin et al., 2009 ). Our results contribute to this discussion by 471 showing that stimuli with different temporal feature differences elicit largely 472 dissimilar ERP patterns than stimuli without temporal differences. 473 The LDN component was present for all acoustic features, and it was larger for 474 speech than for non-speech stimuli. The LDN is now a well-established ERP 475 component found in oddball paradigms appearing around 300-550 ms after 476 stimulus onset in both adults and children (Bishop et al., 2011; Cheour et al., 477 2001; Korpilahti et al., 2001 Korpilahti et al., , 1995 . The LDN is suggested to be associated with 478 higher cognitive processes, such as attention (Shestakova et al., 2003) LDN elicited by speech vs. non-speech information. 505 We also found a speechness effect in the N350, which was larger for speech than 506 for the non-speech stimulus in the consonant duration deviant. Although the 507 functional significance of the N350 is not clear, we suggest that at least in the 508 case of the consonant duration deviant, the processing of temporal features was 509 enhanced in the speech condition. 510 The speechness effect found in our study might be somewhat undermined by the 511 fact the speech and non-speech blocks were presented in the same order for 512 each participant, which might have produced order effects, confounding the 513 speechness effect. Moreover, the non-speech stimuli used in the present study 514 were sinusoid tones, i.e., they were far less complex in terms of spectro-temporal 515 features than the speech stimuli, which might explain the speechness effect. 516 However, the actual acoustical changes (f0, intensity, duration, rise time) 517 introduced are comparable to the changes in speech stimuli, therefore we might 518 argue that the speechness effect obtained is in fact due to the differences in 519 processing speech and non-speech related acoustical information. Furthermore, 520 since our results are in line with previous results, this might confirm that we 521 found genuine speech vs. non-speech differences. Another important prosody related result was the enhancement of LDN found 572 for one prosodic (f0) and one phonemic (vowel) feature. Again, we did not find 27 any evidence that this difference would be specific to speech compared to non-574 speech features. As discussed above, the enhanced LDN for the f0 and vowel 575 features may indicate that these are processed in relation to long-term traces. 576 Taken together, the MMN and LDN findings suggest a two-stage process in the 577 perception of stress and phoneme related acoustical information. In the first 578 stage, duration and f0 are taken together to build up the phonological structure 
